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1 Introduction 

The U.S. A m y  Research Labomtot-y (ARL) has developed a new method to measure human 
physiological stress parameters. This consists of an acoustic sensor positioned inside a fluid- 
filled bladder in contact with the Iii~~nan body. Packaging the sensor in this manner inininlizes 
outside environnlental intcrfcrcnccs, \vhile signals within the body are transmitted to the bladder 
with minimal losses. This tluid-coi~pling technology comfortably conforms to the human body 
and enhances the signal-to-lloisc-ratio (SNR) of human physiology to that of ambient noise. This 
sensor is not readily avail:tble bccause its developnlent has not yet been completed. An acoustic 
sensor of this type could be n trcmcndous asset in determining soldier stress levels during de- 
manding tasks. 

An acoustic sensor system can ~1ctcct changcs in a person's pl~ysiological status resulting from 
exertion or trauma such as penetrating wounds, hypothennia, dehydration: heat stress, and many 
other medical conditions (or iIlnc?;scs). Indications of a dangerous condition can be used to 
recomlnend corrective proccdurcs or to simply alert medical personnel or supervisors. Acoustic 
sensors and signal processin2 Inlay allow the prediction of injury or unsafe actions, based on 
advance knowledge of health and pertiwniance trends gathered during the itlteractio~ls between a 
soldier and his mission or bctn ccn a ~vorl<er's performance on the job and the man/n~achine 
interface in the workplace. h4anagcrs can use preparedness and physiological data as a decisional 
aid for human resource allocation?;. 'Training leaders and participants can monitor performance 
levels for the presence of dangerous physiological conditions. Additionally, the data collected 
during training or routine tasks c:ln be used in predictive nlodeling and simulation of worker 
performance in a virtual workplace. especially in development of new operative environments or 
procedures. Other civilian technology transfer applications include sudden infant death syndrome 
(SIDS), apnea, and infant monitoring as well as clinical sunieillance in convalescent and Veter- 
ans Adi~linistration (VA) homcs. nicctical transports. hospitals, and telemedicine applications [l- 
41. Drivers of vehicles and aircs;ift coltld also be monitored for the onset of sleep, seizure, or 
heart attack. 

From a diagnostic perspecticc. changes in the interval between heartbeats, kllown as the interbeat 
interval (IBI), are of physiological significance. These changes in IBI, othe~wise known as heart 
rate variability (HRV), are a me:isure of mental workload; HRV typically decreases as effort 
invested in a task increases. Fast Fourier transform (FFT) analysis of HRV can be divided into 
three different control regimes: lo\\:-, medium-, and high-frequency peaks (or bands) relate to 
body temperature regulation, short-tern1 arterial pressure regulation, and respiratory activity, 
respectively 151. Changes in valve timing tnay also provide clues on cardiac function and overall 
physiology. Heart sound IB1 measurcmcnts can be taken at the wrist, neck, temple, or chest. 
However, valve sounds are available primarily at the chest area with some components 
discemable in the neck region. 

Fourier analysis of the monitoring pad's output has already shown that human cardiopulmonary 
function contains infrasonic (sounds below 20 Hz) signals that cannot be heard by the human ear. 
but may be useful for physiological monitoring and medical diagnostics. Spectral details of 
individual valve and chambcr activity can be monitored for timing and clualitative factors as 



well. For exan~ple, the "first heart sound" is a result of the mitral and tricuspid valves closing, 
whereas the "second heart sound" results from the aortic and pulmonary valves closing. When 
inhaling, the interval between the aortic and pulmonary valve closures increases, allowing the 
two components of the "second heart sound" to be heard separately. By monitoring the ampli- 
tudes of the first heart sounds, which are correlated to the left ventricle pressures, cardiac con- 
tractility can be measured [6]. Systolic blood pressure values for an individual patient can be 
approximated from sound-pattern analysis of the second heart sound and can be considered a 
qualitative measure. The correlation of these values with a known systolic measurement adds a 
quantitative baseline that provides greater precision [7]. 

2. Purpose 

The purpose of this project was to develop a rudimentary, first and second heart sound IBI 
extraction algorithm for the experimental. acoustic-based health monitoring system previously 
described. using only basic concepts and techniques generally known/available to first-semester 
Discrete-Time Signal Processing course graduates. The primary goal and challenging/critical 
aspect of this work was to develop a heart sound extraction algoritlim that is capable of extract- 
ing insturztuneou.s IBIsIheart rates on a beat-by-beat basis rather than to develop an algorithm that 
is simply capable of extracting (r\~ci.ngetl IBls/heart rates. 

Figure 1 illustrates the two basic, in.star?tuneoll.s IBIS (or ir?stcrntaneot{s heart rates) of interest, 
namely the IBI between the first heart sound of one heart beat and the first heart sound of the 
next heart beat (IBI 1-1 *) and the IBI between the second heart sound of one heart beat and the 
second lieart sound of the next lieart beat (IBI 2-2*), along with all of the subintervals between 
the first and second heart sounds of two consecutive heart beats. - 

1 St 2nd 1 st* 2nd* 

I(-. lBl(1-I*) r - f l  
- IBI (2-2.) 8-H 

Figure 1 .  I lealt sound I U I  and stlbilitcr\,al dcfinitiolls. 



3. Design Approach 

In consideration of the motivation described previously and with particular regard to the mobile 
application space of the envisioned acoustic-based pl~ysiological monitoring systems, two pri- 
mary (and generally competing) objectives arise: to maximize algorithm robustness to the varied 
nature of the operational environment, e.g., background interferences, and to minimize the power 
consumption of the hardware implementing the algorithm. 

The approach taken for this project was to place higher priority on providing a non~inal degree of 
background interference rejection, while giving some consideration to computational efficiency. 

As a means of validating the acoustic-sensor-based heart sound extraction algorithm. an experi- 
ment was devised in which both acoustic-sensor and electrocardiogram (ECG) data was captured 
simultaneously using tw7o different subjects during separate trials. The experiment is described in 
section 6 .  

The systematic approach used to develop the discrete-time signal-processing algorithm was to 
perform a spectral analysis of typical acoustic and ECG signals acquired in both a quiet (benign) 
and a high-noise (background) environment, develop optimal discrete-time filtering processes, 
and develop an ECG and IBI (first and second) heart sound extraction process. 

For this project, the acoustic (heart sound containing) signals to bc extracted were taken from a 
gel-coupled sensor positioned against the neck area of the test subject (see Figure 2). Hardware 
for mounting these sensors. such as straps and chest harnesses, has been developed at ARL. 
Mounting mechanisms llave been designed with the flexibility necessary to allow scnsors to be 
mounted i n  several different locations on the human body. However, it is recognized that an 
optimal configuration for one body location may not work as well on other areas. and there are 
significant tracleoffs to be considered for placement of sensors at different body locations. One of 
these tradeoffs is user acceptance. If the user (test subject) does not like the attachment location, 
sensor placement, or attachment method because it is uncolnfortable or because the sensor 
system interferes with his normal activity or abilities. it will ad\~ersely affect the test/mission and 
will not be usefill. The neck placement area is of considerable interest because it has the potential 
to provide a good combination of user acceptability, strong breath, and voice sounds along with 

Figure 2. Neck-placed acoustic sensor: (a) typical neck placement and (b) sensor mounting hardware. 



useable heart sound levels. The algorithm design in~plicatioti(s) of this sensor placement are 
straightforward; a high dcgrce of breath and voice sound rejection will be required to reliably 
extract IBI heart sound information. 

Another design consideration is tlie nature of the acoustic sensor itself. The experin~entally 
developed acoustic scnsor used in this research was configured with a thin flexural-disk piczo- 
electric element within a fluid cliambcr. Preliminary analysis indicated that this configuration 
would provide a useful response bandwidth up to 2500 IIz. Experimentation led to the selection 
of this thin, flexural-disk, piezoceramic clement that improved scnsor bandwidth and sensitivity 
over earlier devices. Additionally, the exposcd surface of the ncw low-cost sensing element is 
resistant to corrosion or failures due to continuous submersion in liquid. Other sensor materials 
such as piezoelectric rubber (PZR), 1,3 piczocon~posites, lead zirconatc titanatc (PZT), electret, 
etc., were gathered and evaluated, but were considered inappropriate for the implementation or 
did not meet sensitivity and bandwidth goals. The piezoelectric material deposited on the flexible 
metal membratie is solnewhat brittle, and care must be taken not to push directly on the scnsor 
face since niicrocracks resulting froin overstressing the diaphragm may cause decreased sensitiv- 
ity. Other materials such as polyvinylidene tluoride (PVDF), a flexible piezoelectric material. are 
more durable and confonn bcttcr to thc contours of thc human body. This and otller nlatcrials and 
sensors are still being evaluated. A sensor prototype, consisting of a piezoelectric disk, housing. 
and fluid cavity. was designed and fabricated and is shown in Figure 3. Sensor assembly and 
cross-sectional drawings arc shown in Figures 4 and 5. 

Figure 3.  Ciel-coupled snhstrate. 

Piezoelectric disk (ser-IS 

Figure 1. Pir7oelectric disk mounted on brass acoustic sensor. 



Figure 5. Sensor cross scction. 

The general design assumptions :ind constraints used in the developn~ent of both the acoustic and 
the ECG IBI signal extract io~i sly-ithm were: the algorithm is only required to extract IBIS 
associated with heart beat n~tc's I>ctu.ecn 20 and 240 beatslinin, and the primary emphasis is to 
provide a high degree of timing accuracy along with a nominal degree of background interfer- 
ence rejection, while gi\.ing sonic consideration to computational eft'iciency. 

Additional constraints ancl cri~eria that were applied to the acoustic IBI signal extraction algo- 
rithm are detailed in section 5 .  

4. Spectral Analysis 

The algorithm development proccss began with a spectral analysis of representative samples of 
both the acoustic and the LC'(; signals. The approach used for the spectral analysis was to per- 
form multiple chirp z-transti~r~.n calculations [8] across different frequency ranges from 0 to 3 Hz 
all the way up to 0-750 1 lz on both acoustic and ECG signal samples. In order to achieve good 
spectrul resolution, several chirp 7-tl-ansforms:/spectrograms were performed on signal sequences 
..-:-- ..F:...A-.., l-,.-tL.- +I . . -+  '---......,i ...,.r-.-nl ,.T7n1nc nCl+ao.-t hao+/ l~ao.- t  o ~ . , ~ A  o n t < x 7 i h 7  tn 1 L 2 Q A  

- 
points). In order to obtain good t i /1 lcJ  resolution, chirp z-transforms were performed on signal 
sequences using window Icngths that progressively spanned smaller and smaller subcycle inter- 
vals of heart beatlheart sound :~cti\.itv (tvnicallv from 256 points down to 32 ~oints).  The Ham- 
ming wlndow was chosen ab the u ~ndow shape tor th~s  analys~s because ~t ~ t i e r s  a good comb~- 
nation of peak side-lobe rejection (approximately 4 0  dB) and good spectral resolution (main 
lobe width approximately 8 cvindour length [in san~ples]) [8]. All signals were acquired with a 
PC-based acquisition system that ut~lized 1 ,-bit analog-to-digital converters (AlDs) set to sample 
at a rate of 1500 Hz. To ~ ~ ? i n i n ~ i z e  quantization error, the dynamic range of the AiD acquisition 
card was limited to + I  .0 V. To avoid aliasing, the acoustic and ECG continuous-time signals 
were first pre-filtered using a Maxim MAX293 8th-Order. Low-Pass, Elliptic, Switched- 
Capacitor Filter* circr~it where the corner frequency was set for 500 Hz. The actual corner 
frequency was measured at approximately 520 Hz. 

Although several acoustic signal sequences \.\;ere available, the spectral analysis of the acoustic 
sensor data was primarily focused on a captured scquence where, for the t'irst 15 s, the test 

*i\.ldxlm Intcgratcd Pioducts. 130 Sari Ciabricl Dm c, Sunny\ ale. C.4 04086 



subject was holding his breath, at the 15-s Inark exhaled his breath, and then breathed normally 
thereafter. Figure 6 shows this unprocessed waveform.* Note that the first and second heart 
soulids are clearly discernable for the first 15 s, but are almost conipletely masked during breath 
events (after the 15-s point). Figures 7 and 8 show the chirp-z spectrogram coniputed from 0 to 
750 Hz of this waveform, starting 5 s before and ending 10 s after the first breath was released. 
In order to better resolve the,fi.eqiie/zcy spectrum of the acoustic sensor heart sound data in the 
absence of any interfering breath sounds. a chirp-z spectrogram was calculated from 0 to 400 Hz 
using a window length that spanned thc first approximately 1 1  s of the waveform shown in 
Figure 6. This spectrogram is shown in Figure 9. I n  order to obtain better tirile resolution of the 
acoustic sensor heart sound data (again in the absence of any breath sounds), a chirp-z spectro- 
gram was (again) calculated from 0 to 400 Hz ovcr tlic first approximately 11  s of the waveform 
shown in Figure 6, using a window length of 128 points. This spectrogram is shown in Figure 10. 

Figure 6. Neck-placed acoustic sensor data taken with sul!iect first holding his 
breath. then breathing. 

0.6 
Acoustic Sensor Data 

Figures 7 and 8 clearly show that the breath sounds are fairly broad band and include low- 
frequency components that overlap into thc spectral rcgion where thc hcart sounds reside. Note 
that the uppermost frequencies of the breath sounds were limited by the approximately 520-Hz 
low-pass analog prefilter circuitry. Froni Figure 9 it can be observed that most of the spectral 
energy of the lleart sounds occurs at frequencies bclow approxiniatcly 100 Hz. From Figures 9 
and 10. it can be observed that the most intcnsc portions of the hcal-t sounds are located between 
approximately 20 and 60 Hz. Thus, an appropriate filtering strategy would be to eliminate as 
much of the spcctral rcgion (cncrgy) associated with thc breath sounds as possible without 
filtering out too lnucli of tlic spectral energy of thc 1ieal-t sounds. This was in fact the approach 
taken for this project; the filter results are detailed in section 5. 
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Figure 7. Chirp-z spectrogram of signal shown in Figurc 6 (time scale shifted by 
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Figure 8. Chirp-z spectrograln (3-D) of signal shown in Figure 6 (time scale shifted by 
- 1  0 s). 
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The spectral analysis of the ECG signals was performed in a fashion similar to that of the acous- 
tic signals. Figure 11 shows a typical captured ECG waveform over an approximately 5-s inter- 
val. To obtain a broad view of the .~pectr-a1 content of this waveform, a chirp-z spectrogram was 
calculated from 0 to 750 Hz using a window length of 8 192 points. This spectrogram is given in 
Figure 12. Figure 13 shows a more detailed view and was generated using a frequency range of 
0-100 Hz. In order to obtain good tinte resolution of the ECG spectral content of the waveform 
given in Figure 11, a chirp-z spectrogram was calculated from 0 to 100 Hz using a windou~ 
length of 128 points. This calculation is displayed in Figures 14 and 15. (Note the presence of 
60-Hz noise in all of these ECG spectrograms.) 

ECG 
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0.02 
cn 
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Figure I I .  I\ typical ECG waveform. 

Cursory inspection of the ECG spectrogram yields the conclusion that a low-pass filter with a 
cutoff frequency below 60 Hz would be appropriate and should senie to clean up the signal to a 
certain degree. The ECG filter results are detailed in section 5.  
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5. Baseline Algorithm 

As alluded to earlier, the baseline algorithm fundanicntally consists of two processing stages (see 
Figure 16). The first stage provides the filtering of unwanted spectral components, while the 
second stage provides the time-domain IBI exti-action ft~nction. This basic architecture was used 
for both the acoustic and the ECG IBI extraction algorithms. 

Processing stages 

i- -------- 
Digitized 

input peak detect~on 
linear-phase 

i J filtering IBI extract~on 
-" ----- - - - -- - - - - - A  A - -  -- --- -- 

Figure 16. Flow diagram of the heart sound and ECG 1131 extrciction algorithm. 

Armed with the info~mation gleaned from tlie spcctral analysis. several filtering algorithms were 
evaluated for both the acoustic and tlie ECG waveforms. In order to ensure a constant group 
delay for all frequency components of interest and to enable the o\lerall algorithm to time align 
the tiltered waveform with tlie input waveform, all candidate filters wcre designed to be of the 
linear phase type (I). To n~axiniize the efficiency of tlie filter design. the Park-McClellan optimi- 
zation algorithm was utilized [8]. All tiltcrs wcre dcsigncd to have unity gain in the pass band 
with -40 dB of rejection in tlie stop band. 

Spectral filters that were designed and evaluated for the acoustic waveforms included a 120-Hz 
low-pass, a 60-Hz low-pass, a 50-1 lz low-pass, a 10- to 50-I-tz band-pass, and a 20- to 50-Hz 
band-pass filter. The filter that appeared to perform tlic best and the OIIC that was selected for tho 
acoustic filtering section was the 20- to 50-flz band-pass filter. Figure 17 shows the frequency 
response and thc group delay for the 20- to 50-f Iz band-pass filter. Figure 18 shows a portion of 
the acoustic waveforni shown in Figure 6 before and after tiltering with the 20- to 50-Hz band- 
pass tilter. Note that the selected filter almost co~npletely removed the breath sound 
componcnt(s). 

For tlie ECG filtering, a 50-Hz low-pass, a 30-Hz low-pass, and a 10- to 50-Hz band-pass tilter 
were evaluated. The filter that appeared to perfonn tlie best (for subsequent IBT extraction) and 
thc one that was sclccted for the ECG filtcring scction was the 10- to 50-1 lz band-pass filter. 
Figure I9 shows tlie frequency rcsponsc and the group delay for the 10- to 50-Hz band-pass 
filter. Figure 20 shows the original unprocessed ECG waveforni of Figure 1 1 before and after 
filtering with the 10- to 50-liz band-pass filter. 

Although the filter selected for tlie acotrstic filtering section did a good job in removing most of 
tile breath sound colnponents, closer inspection of the filtered wavefonns revealed that too niany 
in-band intcrfcrencc spikes wcrc present for cffectivc dircct time-doinain extraction of IBIS. To 
deal with the presence of multiple, but soniewhat randonily occurring. short-duration intesfes- 
ence spikes. a time-domain filtering process was conceived and evaluated. This process attempts 
to take advantapc of the burst nature of the heart sounds by applying a sliding root-mean-squared 
(RMS) power-avera~ing window. 



Figure 17. Frequency response and group delay for the 20- to 
50-Ilz band-pass filter. 
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The basic idea of the sliding window was to chose a window length that is approxiinately equal 
to the lengths of the first and second heart sounds and to compute an average RMS power within 
each window. When the window is moved to a location that aligns with the heart sound burst, a 
relatively high RMS power will be computed (power centroid). When the window is moved 
away from a heart sound burst, a relatively low RMS power will be coinputed even if it contains 
a few short-duration interference spikes. By varying the window length and the amount of 
window overlap from one RMS pourer computation to the next, the algorithm can be optimally 
tuned. 

Two RMS power windowing algorithms were evaluated. The first algorithm accumulates a 
running sum of the average (RMS) power computed for each window position by first filling a 
temporary window, time-aligned with the sliding window, with the calculated RMS value at that 
position. The algorithm then adds the temporary window to the running-sum output sequence. 
The second algorithm simply assigns the computed RMS value to the position associated with 
the middle of the window and then moves the window to the next position. This algorithm has 
the inherent property that it creates decimation of the input sequence which proportionally 
reduces the number of computations required by the rest of the algorithm by the nuinber of 
sample points skipped with each move of the window (window length minus window overlap). 
The cost of increasing the number of samples that the sliding window moves between successive 
RMS computations is a proportional reduction in the basic accuracy ofthe extracted IBI times. 

Figure 2 1 shows the results of subsequently processing the 20- to 50-Hz band-pass-filtered 
acoustic waveform given in Figure 18 with each of the two RMS power-shaping algorithms 
previously described. 
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Figurc 11. Results of the two RMS power-shaping algorithms 
on the 20- to 0-IHz band-pass-filtercd acoustic 
waveform given in Figure 18. 



The results of combining the initial band-pass filtering with either of the two RMS average 
power algorithms yields a hcart-sound-containing wavcform that is r.elrtivel~~ noise free and 
reasonably amenable to a peak detection cxtraction process. For this project, the "running sum" 
RMS power algorithm was selected as the preconditioning process to the IBI time-domain 
extraction process because it gencrally produccd less variance around the peaks. 

The final portion of the lieart-sound time-domain peak detection and IBI extraction stage. like 
the RMS power-shaping substage, has beell designed to use a sliding window approach that 
sequentially attcmpts to extract a pair of first and second heart sound IBIS from each window. 
The extraction algorithtn logic has been designed to first determine the appropriate window 
length, to then establish a peak detection amplitude window, and then to determine the time 
locations of all pcaks within thc pcak detection amplitudc window. Subsequent logic then deter- 
mines if a valid set of IBIS exist within the present window, and thcn stores the four time 
locations of the associated first and second heart sounds, if detected. The window is then shifted 
by a periodically calculated amount, and the process is repcated until the end of the input se- 
quence. A tnore detailed description of the final portion of thc heart sound time-domain peak 
detection and IBI extraction algorithm is given in Table 1 .  

Table I. Final stage of hcart soutid extraction algorithm. 

Step Description 

1 Initialize time window in which to locate the peak response of two heart sound pairs 

7 Determine arnpliti~de window in which to locate the peak response of two heart sound pairs. 

3 Locate all heart sound peaks within window. 

4 If less than seven peaks are detected, adjust the tinie window and go back to step 2. Otherwise. 
evaluate tenlpornl locations of first fbur heart sounds" (no. 1 ,  no. 2 ,  no. 3, and no. 3 )  to determine if 
they meet criteria. 

5 If tirst tbur heart sounds meet criteria, log heart sound times fix both pairs o f  first and second heart 
sounds. Shift extraction window start point to a time just afier second heart sound of second pair, 
Adjust window length according to criteria. (C io  to step 8.) 

h I f '  first four heart sounds do not meet criteria: 

a) If n set of heart sound pairs \~:;ls successti~lly detected and logged from tlie last pass. check to see if 
an extra (noise) peak was cietected between heart sound peak no. 2 and heart sound peak no. 3. i.e., 
see if rio. lo .  nos. 2" and 4. and no. 5 heart souncls meet criteria: 

i) If so. log heart sound limes for both pairs of'first and second heart sounds. Shift extraction window 
start point to a time just after second heart sound of second pair. (Go to step 8 ) .  
ii) If not, go to step 7. 

7 Check to see it' first four heart sountls are o i~t  of'pllase hy one sound; shift extraction \\,intfo\v start 
point to a tilne just after no. I (or no. I") heart sound. 

S Repeat steps 2-7 until the enti of tlie sign:11 streani. 

"If a set of heart sound pairs was successfi~lly iietected ilnd logged from the Illst pass. heart sounds nos. 3 and 4 of 
the last (detected) set are si~bstiti~ted for lieiut sounds nos. 1 and 2 of tlie present set, respectively. 



The specific criteria developed for detennining whether a valid set of IBIS is present within a 
given extraction window is given in Table 2. The criteria, along with a particular logic flow, has 
been designed to determine if any one of the four hearts sounds was not successfully detected or 
if any part of a single additional noise perturbation was detected in the region of interest during 
the peak detection process. The extraction algorithm logic has the ability to identify and reject 
any single noise perturbation occurring in the region spanned by the four valid heart sounds. 

Table 2 .  Criteria used for detennining the presence of a valid set of first and second heart 
sounds. 

Criteria no. Criteria description 

P l _ P 2 < P 2 P 3  

P3-P4 < P2-P3 

P3-P4 < P4-P5 

P5-P6<P4-P5 

PI-P3 < Interval = ll(20 beatslmin) 

P 1 -P3 > Interval = 1 i(240 beatsimin) 

P3-P4 < Interval - 11(90 beatslmin) 

P2-P4 > Interval - 1.'(240 beatsimin) 

Note: Thc terminology PI-P3 means the time interval between the first peak 
detected in the peak extraction algorithm and the third peak detected, etc. 

The second stage of the ECG heart beat-interval extraction algorithm was designed to be essen- 
tially identical to the acoustic IBI extraction algorithm, with the notable differences that: the 
RMS power-shaping process was not used and the only criteria used for determining whether a 
valid pair of R-to-R ECG peaks were present within a given extraction window, was to check to 
see if the associated heart beat rate was in the range of 20-240 beatslmin. 

The full blatlab-based heart sound 1B1 and ECG heart rate extraction algorithm is listed in the 
Appendix. 

6. Experimental Description 

In order to tcst the heart sound extraction algorithm, an experiment was devised in which two 
male human subjects (separate trials) were situated alone in a quiet, dark room while watching a 
recently released, and never-before-seen-by-the-subjects (approxiinately 2-hr-long) action1 
adventure video. Prior to the start of the movie, each subject was instmtnentcd with an ARL- 
designed and constructed acoustic sensor/measureme17t systen~ and a Holter Win P-V ECG 
diagnostic monitoring system.* The acoustic sensor was mounted in contact with the right-front 

*Diagnostic Monitoring, a di\:ision of Cardinc Scicncus, Inc., 1693 1 Millilia11 Avcnuc. Irvine, C:Z 9260h. 



side of the subject's neck as illustrated in Figure 2a. One channel of tlie Holter lnonitoring 
system was also routed to the ARL acoustic scnsor nieasurcmcnt systeni for sin~ultaneous cap- 
ture. The two ECG data streams served as ground truth for the acoustic sensor data. In an effort 
to provide some control of the experimental conditions, each subject was instructed to minimize 
vocal sounds, to sit quietly, and to breathc nomially throughout the experiment. 

7. Results and Discussion 

The first acoustic sensor data to be processed by tlie heart sound extraction algorithm was the 
data shown in Figure 6. Figures 22 and 23 show thc first and second hcart sound IBI and the 
ECG IBI extraction results. while Figures 24-29 show the first and second heart sound IBI and 
the ECG IBI variability results charted in two different fashions. 

Two points about thc results shown in Figures 22-29 are made. First. the cxtracted first- and 
second-heart sound 1Bls generally track well with the ECG ground truth results. Second, during 
two different intervals, the first-heart sound heart rates either first increase and then decrease, or 
decrease and then increase. A detailed cxamination of the original unprocesscd hcart sound data 
subsequently revealed that this behavior was real; indeed at the approximately 14- to 15-s point, 
it was, for example, observed that the first heart sound IS1 interval was tirst smaller than and 
then larger than the adjacent IBI intervals. This 1B1 variability is also readily obscrvablc in thc 
Poincare plots of Figures 24 and 25. 

Figure 22 .  Heart sound extraction results for dat:l sJio\vn ill Figure 6. 
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Figure 24. First heart sound variability results for data shown in Figurz 6. 
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Figure 37. First heart sound variability results for data sho\vn in Figure 6. 
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Figure 20. ECG 181 variability results for data sl~own in Figure 6. 
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Figures 30-33 show the first and second heart sound IBI and tlie ECG IBI extraction results for 
subject no. I ,  while Figures 34-41 show the first and second heart sound IBI and the ECG IBI 
variability results (for subjcct no. I ), again charted in hvo different fishions. Note that during 
this experiment trial, instrumentation trouble developed and only about tlie first 3300 s of data 
were recorded. 

I 

Comparing the results of Figures 30 and 3 1 with thosc of Figures 32 and 33. it is obsen~ed that 
there is again generally good agrcenient between the first and second heart sound IBI extraction 
results and the ECG IB1 heart rate results. Based on preliminary comparisons of the processed 
data with the original unprocessed data (subjcct no. I), tnost. if not all of the local pei-turbations 
about the trend data appear to be real. I t  also appcars that for those perturbations that signiti- 
cantly vary from the trend. some are real and sonie represent a failing of the algorithm to either 
reject extraneous noise in the capturcd signals or to properly detect all of the valid first and 
second heart sound pairs. (At  the writing of this report, no niorc-sophisticated diagnostics were 
available to quantify the reliability and robustness of the heart sound extraction algorithtn.) The 
general variability of the first and second hcart sound IBIS (subject no. 1 )  appear essentially 
comparable. The distribution of tlic captured/processed ECC; data is noticeably tight. 

I I 

Figures 42-45 show the first and second heart sound IBI and the ECG IBI extraction results for 
subject no. 2, while Figures 46-53 show the first and second heart sound IBI and thc ECG IBI 
variability results (for sub-ject no. 2), again charted in two different fashions. Note that during 
this experimental trial. data was collected for the entire duration of the movie. 
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Figure 30. First lic;~rt i o t 1 1 1 ~ 1  extr;~ction results for experimental data taken from 
s~il?iect I I O .  I . 
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Figure 32. ECG IBI extraction results for experimental data taken from subject 
no. 1 .  
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Figure 33. Holter Monitor EC(; IF31 extraction results for cuperimcn[al data taken lion1 s ~ ~ b j e c t  no. I .  
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Figure 33. First heart sound variability results for experiinental data taken 
from subject no. 1. 
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Figure 35. Second heart sound variability results for experimental 
data taken from subject no. 1. 
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Figlire 38. First Ilcart h o r ~ n ~ l  variability results for experimental data taken from 
sul,iccl no.  I . 
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Figure 39. Secoiid heart sound variability results for experimental data taken 
from sulject no. I. 
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Figure 42. First heart sound extraction results for experimental data taken from 
subject no. 2. 
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Figure 43. Seconci heart sound extraction results for experimental data taken 
from subject no. 7. 
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Figure 44. ECG IBI extraction results for experimental data taken from subject 
no. 2. . 
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Figure 46. First hc.:lrl \ O ~ I I I L I  i :ll.i:lbility results for experimental data taken from 
sub.jczt 110. 2.  
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Figure 37. Second heart sound variability results for experimental data taken 
from subject no. 2. 
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Figure 48. ECG IBI variability results fbr experimental data taken lion1 subject 
no. 3. 
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Comparing the results of Figures 42 and 43 with those of Figures 44 and 45, it is observed that 
there is again generally good agreement between the first and second heart sound 1B1 extraction 
results and the ECG IBI heart rate results. The heart sound IBT variability appears to be about the 
same or slightly less for this data set from subject no. 2 than for the data set from subject 110. 1. 
One significant difference between this data set (subject no. 2) and the previous clata set (subject 
no. 1) is in the outliers found in the calculated ECG IBIS for this clata set (subject no. 2). An 
examination of the prefiltered and 10- to 50-Hz band-pass filtered ECG data (subject no. 2) 
revealed that there was significant in-band noisc (presumed to be due to a marginal ECG probe 
connection) which was not completely eliminated during the 10- to 50-Hz band-pass filtering 
process. In order to reduce the mostly transient in-band noise and to improve the overall SNR, 
the ECG data set from subject no. 2 was filtered with a 10- to 20-Hz band-pass filter of the same 
design as that shown in Figures 17 and 19. Even with this more constrained filtering, some noise 
transients still produced some aberrant ECG IBI data points. 

One of the subgoals of the movie-watching experiment was to try to detect if a particular visual 
or audible stimulus caused a noticeable change in heart rate in both of the tested subjects. Refer- 
ring to Figures 54 and 55. it is interesting to note that near the approximately 700- and 1400-s 
time frames, the heart rate of both subjects increased for a significant period of time. 

140 ECG extraction data 
I I I I I 

130- - 

120 - - 
h 

.r 110- i - 
E !! 
--. 

*..' . , 3 100, 7' ) T 2 .' 
,:: e a, .! 

n 4. :I 
-- 90;'' : ! L . .  

: I  

. . 
: i t  

..b.-- . ,. - .'8.. . - 
. .  . . . a, " < ,  . . 5 <. : : 

. . 
C . ; . . 7 . . . I . . ', . 

i .A,:,, . ;c. ., , :  $5. : , . .  , " .  . . . . 80 '. , : : .L'Z~;:& ? ,%', ,:" ?'i4 . ! $ 7 .  , . 2 ; -: .. , . > 

-.2:?;j;.223.:T+t::..:t..; : -s>,: TZ -. T .:. ' 
%.,...., . , . . . .  .< <... :,..(.:.. .::+:,..y ; . I , .  .. - . . .  . .:;,:/, . .i. . :'.. 1 ... ..;t . . . . .. ! ,;. . 2- .. . . .i,.:i k+ ., ,: i;. . ' 

.. ' 

L :,+ .. a . .  . 
$<;;<:,<<:<$ <j; ,..,%, ;.,;$<q K:?.. 1 .,.: -T ;; j :  ,.. ,,$! .; , - ee. ; ; ; :  . , ,  " . . l>,-p , ,  ;;;. 

,:.& ,,,:., .,;. T .. , - ...a ?; ,, <; ,. ?. .y~;,,&, :...<:: ..!! , +<:*+. .? ::2 &::;?: .: ,.$?. . ..; 
. .A '. :. 
", '. . - <, . ,*.+$;,:! .,,,,a, - .:+- > . c , . . .  .: . - ., >+L., .:..?!,,,%. . . . , , . , . : *, . ,. ..<2&<d:<.%. :,,&%; ;.:.;,;:?$&? ... A?; , ?? ;.:;?j , .. .9+; . ;x 2. *>&Q"?. . -@ ; 

. <.. .. < * , & . = . . ; . . , .  9 . . .>p ; - 
60 - , . 

50 - - 

40 I I I 1 I 

0 500 1000 1500 2000 2500 3000 
Time (s) 

Figure 51. ECG IF31 extraction results for experimental data taken fi-om subject 
no. I .  
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Figlire 55. ECG IR1 extraction results ti)r experinlental data taken from sul?ject 
no. 2. 

An empirical analysis of tlie computational breakdown of the overall algorithm yielded the 
following results: 

time required to execute the ECG and the acoustic band-pass filtering: approxitnately 6% 
of the total. 

time required to execute the ECG time-domain extraction process: approximately 3% of 
total, 

tirlie required to execute the acoustic time-domain extraction process: approximately 9% 
of total. and 

tinie required to execute the RMS power-shaping process: approximately 8296 of total. 

An analysis of the RMS po~ver-shaping process reveals that, to first order. if the RMS window is 
moved by only one sample between each shift, then each output sample (result) requires n2 
multiplications and n additions, where n is tlie length of the RMS window. Thus. if the length of 
the RMS window is reduced by a fdctor of 2, then the computational requirement would reduce 
by approximately a factor of 4. Attempting to reduce the computational requirements of tlie RMS 
power-shaping process in this manner would be. for the most past, counterproductive since the 
length of the RMS window is a somewhat critical element in the effectiveness of the shaping 
process. A Inore fruitfil approach to reducing the computational requirement would be to in- 
crease the number of saniples moved between each shift of the RMS window. Since the compu- 
tational requirement of the process is essentially 1 1 ~  multiplicatio~is/ii~. where HI is the number of 
samples moved between each RMS window shift, the coniputational ~.equirement of the process 
call be proportio~ially reduced by a factor of iir. The direct trade-off for increasing n~ is a 



proportional decrease in the basic accuracy of the IBI calculatioi~s. Alternatively, the input 
sample stream could simply be decimated by a factor of nz to yield essentially the same result. 

Using a RMS power-shaping window step of two samples and a 350-MHz Pentium IT-based PC, 
the overall Matlab-based algorithm runs at a speed of just under two times real-time in the 
Matlab interpretive environment. The algorithm is expected to run considerably faster in a 
compiled executable form. 

8. Future Work 

The movie-based data collcctcd as a part of this project served to provide a good test bed for the 
baseline algorithn~. The results ot'processing these data indicate that as long as the SNR in the 
in-band spectral region is greater than roughly 10 dB, this algorithm does a reasonable job of 
accurately extracting i/~t(r~ltrril~*orr\ heart sound IBI information. When a sufficient amount of in- 
band noise energy occurs most [hall once within the timeframe of the IBI extraction "region of 
interest.'' the algorithnl fails. 

To more reliably handle acoustic signals with lower in-band SNR, several possibilities have been 
identified. For example, it  ii.oultl h t  irlteresting to add additional criteria and logic to the present 
algorithms, along with some tuning parameter trials to see what amount of additional robustness 
could be achieved. Another csc~-ci.\c would be to incoiporate some fornl of generic template or 
other auto- or cross-co~relritio~ proccss to see if the IBI information could be extracted where in- 
band SNR's are lower than zero tl13. ,-Inother potentially useft11 idea would be to utilize a generic 
or conlposite "matched" filtcriny proccss prior to an auto- or cross-correlation process. Yet 
another potentially useful approach \\:oirld be to trade-off in,sturzlarzeo~~,s IBI tracking resolution 
for additional robustness by incorpol-ating a process that uses two or more IBI periods to increase 
the effective SNR, if such ti11 c,\.c,t.rrxing 11-31 extraction algorithm would still meet the phpsiologi- 
cal assessn~entiparameter extractio~i goals. 

In order to gain a preliminary hensc ol'the potential benefit of incorporating an auto- or cross- 
correlation process into the 11-31 extraction algorithms, we first performed a cross-corrclation 
process to band-pass-filtered E('G ruid acoustic data from the "movie" trails previously cited and 
then used a straightfon~ard peak dctcction routine to directly extract IBI's using no identification 
logic or IBI criteria.* Figure 56 sIio\+s a scgmcnt of 10- to 15-Hz band-pass-filtered ECG data 
taken from sub-ject no. 2. Figure 7 slio\vs the segment of the filtered data shown in Figure 56 
(starting data point: 53400) that Isas used as the cross-correlation template. Figures 58 and 59 
show the results of the directly extracted IBIs. 

Figure 60 shows a segment of 25- to 30-Hz band-pass-filtered acoustic data taken from subject 
no. 2. Figure 61 shows the segment of the filtered data shown in Figure 60 (starting data point: 
53400) that was used as thc cross-correlation template. Figures 62 and 63 show the results of the 
directly extracted IBIs. 

"411 cross-conelation algoritli~n developrncnt and plots wc1.t: performed with the usc of Lahvirw, version 5. 
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Figure 56. 10- to 15-1 1z band-pass-filtered ECC; waveform taken from subject no. 2. 
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Figure 57. Segment of the filtcl.cd data shown in Figure 55 (starting data point: 
53400) that was used as the cross-correlation tcmplatc. 
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Figure 58. Rrsi~lts ot'direct extraction of subject no. 2 ECCi IBlv olicr the croav-corrclatior~ proces. 
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Figire 59. Results of direct extraction oi'subject no. 2 ECG IBIS after the cross-correlation process. 

Filtered waveform 
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Figure 60. 25- to 30-Hz band-pass-filtered acoustic \vaveforn~ taken from sullject 
no. 2. 

Figtire 6 1. Segment oi'the liltered data shown in Figure 59 (starting data point: 
54500) that was used as the cross-correlation template. 



Figure 63. Results of direct extraction of sulject no. 2 heart sound IBIS after the cross-correlation process. 
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The results shown in Figures 58, 59, 62, and 63 give good indication that a cross-correlation 
process, when combined with perhaps a more appropriate "matched" filtering process along with 
robust identification logic and IBJ criteria, could perfo~m ECG and acoustic IBI extractions 
better than the present algorithms. Examination of the results of the first cross-con-elation trial 
which used 10- to 15-Hz band-pass-filtered ECG data. reveals that fairly accurate, fairly 
anomaly-free IBI extraction results were obtained without the use of trtij, IBI identification logic 
or 1BI criteria (see Figures 58 and 59). The addition of IBI identification logic andtor IBI valida- 
tion criteria to the IBI extraction process used i11 this tirst cross-correlation trial could serve to 
eliniinate a significant percentage of the relatively t'ew anomalous IBI extractions yielding 
superior 1B1 extraction results. Exaniination of the results of the second cross-correlation trial 
using 25- to 30-Hz band-pass-filtered acoustic heart sound data. similarly reveals that fairly 
accurate. fairly anomaly-free, IBI extraction results would be obtained with the addition of both 
1BI identification logic and 1B1 validation criteria to the IBI extraction process (see Figures 62 
and 63). This can be understood from the observation that both of the expected heart sound IBIS 
and all of the expected heart sound subintervals are present in the JBIIinstantaneous heart rate 
extraction results (again, sec Figures 62 and 63). For example. the interval between the first heart 
sound of one beat and the first heart sound of the next beat (IBI [ I  - 1 *] in Figure 1 ) and the 
interval between the second heal-t sound of one beat and the second heart sound of the next beat 
(IBI [2-3*] in Figure I ) appear in the approximately 80 bcatslinin rcginie. Additionally. the 
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Figure 62. Results of direct extraction of subject no. 2 heart sound IBIS after the cross-correlation process. 
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interval between the first and second heart sound of one heart beat (IBI [l-21 in Figure 1) appears 
in the approximately 240 beatslmin regime (as expected), whiIe the interval between the second 
heart sound of one heart beat and the first heart sound of the next beat (1BI [2-1 *I in Figure I), 
appears in the approximately 140 beatslinin regime (again, as expected). Tncorporation of IBI 
identitication logic would serve to completely eliminate the subintetwis from the extraction 
results shown in Figures 62 and 63 while differentiating between the hvo basic IBIS. Incorpora- 
tion of IBI validation criteria could also serve to eliminate some of the other anon~alous IBI 
extraction results (again, shown in Figures 62 and 63). 

9. Conclusions 

The heart sound instu~zt~~neous IBI extraction algorithm developed as part of this project appears 
to yield good performance in environments where the in-band SNR is greater than roughly 10 dB 
and no niore than one high-energy in-band noise burst occurs within the timeframe of the IBI 
extraction "region of interest." The algorithm was also shown to be capable of effectively reject- 
ing fairly intense breath sound events. Although no dcliberate attempt was made to introduce 
voice signals illto the acoustic environme~~t, most of the energy content of the human voice 
(above approximately 80 Hz) would be eliminated by, for example, the 20- to 50-Hz linear-phase 
band-pass iiltcr utilized in this algorithm. 

The utilization of a cross-correlation process along with perhaps a more appropriate "matched" 
filtering process and more robust IBI identification logic and IBI validation criteria appears to be 
a logical and promising progression of the present work. 
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Appendix A: Heart Sound IBI and ECG Heart Beat Extraction Algorithm 

36 
I6  Program to read in and cxtract parameters from ECG & Acoustic Scnsor data: 
$6 
?6 
$6 Program to dcsign an optimal linear-phase FIR pass-band filtcr 
I 6  using the Parks-McClcllan algorithm for thc ECG data. 
?6 
?6 First. cstimatc filtcr ordcr. frcq. band cdgcs, freq. band amplitudes, and 
?6 weights for Parks-McClellan algorithm. 
I 6  
Fs=1500 O/o Sampling frequency 
Fls=O ?dl LOW Stopband frequency cdgc 
Flp= 1 0 96 I.,ow Passband frequency cdgc 
Flip=50 % High Passbar~d frcqi~c~icy cdgc 
Fhs=(iO O/o High Stopband frcqucncy cdgc 
A=[O. 1.01 96 Dcsircd amplitudes 
Rls=O.Ol I 6  Maxi~num low-frcqucncy stopband 

% ripplc 
Rp=O.Ol ?6 Maximurn passband ripplc 
Rhs=O.OI ?6 Maxinium high-frcqucncy stopband 

% amplitude (ripplc) 
F=[Fls,Flp,Fhp.Fhs]: 96 Cutoff frcqucncics 
Dcv=[Rls,Rp,Rhs]; I 6  Deviation vector 
[n,fO,aO,\v]=rcmczord(F.AADcv,Fs) ?6 Estiniatc parat~ictcrs 
96 
n_ECG=2*ccil(ni2) . O/o  Makc n cvcn for Type 1 FIR filter 
96 
EC~G-Filter=remcz(11~~,CG,~.a0.n~); I6 Calculate filter cocfficicnts 
?6 
96 
96 Program to dcsign an optinial linear-phase FIR pass-band filter 
I6  using the Parks-McC:lcllan algorithm for tlic Heart Sound data. 
I6  
I6  First. csti~natc filtcr ordcr. frcq. band cdgcs, frcq. band amplitudcs, and 
?6 weights for Parks-McClcllrtn algoritli~ii. 
96 
Fs=1500 I 6  Sampling frequency 
Fls= 10 I 6  Low Stopband frcqucncy cdgc 
Flp=20 96 Low Passhand frequency cdgc 
Flip=50 96 High Passhand frcqucncy cdgc 
Fhs=(iO 96 High Stopband frcqucncy edge 
A=[O. l ,O] 96 Desired amplitudes 
Rls=O.Ol 96 Maximu~n low-frequency stopband 

?/i# ripplc 
Rp=O.Ol I 6  Maxi~num passband ripplc 
Rlls=O.O I YO Maximun~ high-frequency stopband 

?/;ta~nplitudc (ripplc) 
F=[Fls,Flp,Fhp.Fhs]: 76 Cutoff frcqucncics 
Dcv=[Rls,Rp,Rlis]; I 6  Deviation vector 
[n.f0,a0,w]=rcmc70rd(FFF4,Dcv,Fs) I 6  Estiniatc pararnctcrs 
I 6  
nIAcu=2*ccil(n/2) 96 Makc n cvcn for Type T FIR filter 
?6 
Acu--Filter-rcmcz(n_Acn,fO.aO.nr); 96 Calculate filler coefficients 



116 

?'o 

li, Program to rcad in and plot ECG 1G Acoustic Data 
2'0 
readfile=input('Enter tilcna~iic (\\I! extension) to rcad (use single quotcsl: ' )  

?6 
?i,tilename='sgl54k.hin' 
*/o 
writefile I ='EC(i.hin' (!<I 

writefilc2='Acu.bin' ?<I 
tid I =fopen(rcadfilc) 14, (ict read tile ID. 
[rcadfile,pcr~iiission.architecturc]=fc>pc~i(tid I ) XI ( k t  permission. arcliitecturc. 
permission='rb' Set pcnnission for read binary 
arcl~itecturc='ieee-he' ?4 Set architecture to IEEE Big 

'!/o Endian fonnat. 
[fidl . m c s s a g c J = f o p e n ( r e a d f i l c , p e r ~ i i i s s i ~ ~ r e  ?& Define architccturc, fid of rcad 

'I4 tile. 
pcrmission='wh' ?/o Set permission for write binary 
arcliitecture='nativc' '!.;I Set arcliitccturc for local 

9 z 0  rnachine 
(fid?.mcssage]=fopcn(writefilcl .pcmission,architccturc) ?/o Dctjnc architccturc, fid of 

9.1~ writc filc. 
[ f i d 3 , 1 n c s s a g c ] = f o p c n ( w r i t c f i l d . p n r c I i i t c c t r c )  '16 Dcfinc architccturc, fid of 

% \\,rite filc. 
precision='tloat3?' 
l h  
[A.count]=frcad(tid 1.90000O.prccision); 'I$ Read data block into array A 

"90 using 32-hit 
",I, floating-point precision. 

'YO 

.Acoustic I =[I: l!/ll Dctinc. zero rnairi arrays. 
EC(i I =I]: ?'I> 

Acu-Capo\.er~=[]; '!4, Acoustic carryover data from 
end of last huffcr 

EC'<i~_Carryovcr=[]: '!cl EC(i carryover data from end 
"(0 of last buffcr 

ECCi-Timc_Offset=O: 11, , II 

HS-Time-Offsct=O: 'YO 
Ih 

Fs= 1.500: '?II Sample frcqilcncy (Hz) 
n, .O 
while count 0 {!'II 

/\caustic I =cat( l . ! lcu_Ca~o~cr.:2(?:2:~0111it));  Oil ('oncatenatc carryover huffcrs 
to front of 

EC<i I =cat( l .EC(i-Carryover.,\( l :?:count )); ?il niost-rccc~itly-rc3d acoustic & EC(i data blocks. 
%;I 
%I, Process ECii data 
0' 
' 0  

Suml =sum(EC<i I): Rc~novc DC offset 
DC-OEsct=Surii 1 ilcngth(EC'(i 1 ): 'Po from ElXi data. 
I1 ' 
/(I 

EC'<i?=(- 1 )*(EC'(i I -DC-_Ofkct): II, * :* Key Para~nctcr " I "  

u41 
EC'(i-New=filtcr(EC'ii-Filtcr. I .EC'i;?): '!/I, Filter EC(i data. 
EC<i-Ncw=cat( l .LC(;-Nc\\f.(zcros( l .~i._Ei'(ii:!l)'); Zero-pad tiltc~.cd EC(i data: 
EC'(~-~N~\V=EC(~~_XC\V(~_EC'(~:~ 1 I : 1 :end); 'lib Subtract Ciroup delay 

E C < ~ - N ~ W = ( E C ( ~ _ ~ N ~ \ ~ . \ V  ; ahs(EC'(i_ Ne\v)).:2: '!+I Clip tiltcrcd EC(i data 
0; 



0/; 
Oio  Beginning of ECG Rn Lo Rn+l extraction algorithm 
0/; 
O/; Initialize variables 
0 '  /o 

ECG=[]: 96 
Start-Window=l; ?/A Pointer to siart of cxtracl ion window 
hlav - Icngth=fix(( l/20)*6O*l*Fs); O/; Initialize to capture a min i~nu~n  

96 of 3 beats o c c ~ ~ r i n g  at lowest 
96 hcart rate of 20 bcatsimin. 
01 - - 1420 bcats/min)*60 sec/rnin*4 bcats*sample rate 

Ext-Window-lcngth=Max-length; 96 
Last-ECG= I ; %> 

O/b 

QRS_Width=l00; o/, , :% * Key Tuning Parameter ** 
%, Set pcak tlctcction blanking half witlth 
Yb (Can set i ~ p  lo - 100) 

0/; 
Dctcct=O; % Set last heart beat detection flag = false 
O,; 

whilc Start-Window+Ext-Wi~~tIc>w~lcngth '. Icngtli(ECG-New); 
0,'" 
96 Dctcnninc ampliti~dc window in which to locate the pcak responses of ECG waveform brats. 
96 
Ext-Window=ECG-Ncw(S1art-LVindow: 1 :Start-\.\~indow+Ex1-Windo~v~len~Lh- I ); 
Max - Arnp=max(Ext-Window); ?h Set upper pcak detection thrcsholtl 
DC-t\vg=su~~i(Ext-Window )/length( Ext-Window); 

O/; 

M ~ ~ - ! ~ I I I ~ = ~ * U C - A V ~ + O . ~ * ( M ~ X ~ A I I I ~ - D C ~ ) ;  ?io ** Key Tuning Parameter **  
?/;1 Set lower peak detection threshold 

Top=[]: 
Botto~n=[]; 
Top( I :Icngth(Ext-Wi~~do\v)j=kl:ix-t\mp; 
Bottom( l :length( Ext-Windo\v))=Min-Amp; 
?b 
0,; Locale all ECG peaks within extraction window. 
0, I 
Peaks=[]; 
[Pcak,lntlcx]=max( Ex[-Window): 
whilc T'cak :> Min-Amp 

pc ,I k s-~,it(2.Peaks.Indcx+Start-b'indow); .- .. 
Min_zcro=lndcx-QRS-n'idtl~: 
if Min-zero .; 1 

Min-zero= 1 ; 
end 
Max-zero=Indcx+QRS-Widt11: 
if' Max-zero :, Ext-Window-length; 
M;ix-zcro=Ext-LVindow-length: 

end 
Ext - Windo\s;(Min-zero: I :Max-zcro)=O; 
[Pcak.lndex]=max( ExLL\'l'indo\v); 
96 

end 
?'" 
% Evaluate temporal loc;t~ions of first two hcart beats within 
?; the wintiow to dctcrrninc if thcy meet criteria 
7; 



i f  lengtli(Peaks) < 3 '!/o If extraction window is 
% too short. 

if Ext,-Wi~idow-lengtli ::.= Max-length 'I/" incrcase extraction window length. 
Start-Window=ceil(Start-Window 4 Max_length/3): '141 advance (next) start point. 

else 
Ext~Window~lengtli=cciI(Ext~Window~lcngtli"3i(lc1igtli(Pcaks~ ! 0.0 1 )); 
if Ext-Windoar-lengtl~ :;.= Max-length 

Ext-Window-lengtli=fix( Max-.length): 
end 

end 
else 

'5 6 
Peaks=sort(Peaks); '!/I, Sort time location of 

Ih peaks 
14, in ascending order. 

if Detect== I : 
New-EC<i( l )=Last-EC(i: 
New-EC<i(Z)=Pcaks( I); 

else 
New-EC(;( 1 :2)=Pcaks( 12) ;  

end 
9;) 
P I -P2=Kew-EC<i(2\-Nc.w -EC<'I( I ); (?(I Criteria: 

PI-P2 must hc .: 20 hcatslmin interval and 
l!;ll PI-P2 must hc :> 240 bcatsiliiin interval. 

'!b 
if PI-P2 .:: ( 120)*60*Fs & PI -P?I :> ( 1 :'240)*0O*Fs 

?/n Criteria has heen ~iict! 
Last-EC(i=Ncw_EC(i(2); 
Detect= I :  '2, Set C'rilid dctcction for this pass 

0, . I1 

Start-Window=ccil(Last,-EC<i + QRS-M!idth): I!,#, **  I . ; ~ ~  paraln,.tcr *:R 

0, . O  

Ext-Window-lc~~gtl1=ceil((N~\v~EC'Ci(2)-Nc~~ECCi( 1 ))*4); l 4 1  :ld,just win do\\^ length. 
New-EC<i=Ncw-.EC'<i.:Fs; 14, Sc;ilc to u~iits of seconds. 
Ne~v-E<'<i=Ncw-ECli t EC(i-Time-Offsct: Adjust to gloh;~l time. 
EC(i=cat(2.EC'Ci.Ke\~-Ec'Ci{ I ).New-EC<i(Z)): ?'I, Store timcs of valid EC<i pairs 

clsc 
Start-Windo\v=ccil(Nc\v-EC<i( I ) I QRS_-Width); 
Detcct=O: '!/o Set valid dctcctiotl tlaf for 

Ih this pass - false. 
end 
O f  / I1 

end 
'3 ' 4 1  

New-EC(i( l ).New-EC'('i(2) 
'51pause 

end 
0 
'0 

ECG-C;~rryo\.c.r=:Ec'(i 1 (Start-Window: l  :Icngth(EC(i I)); 
EC({-Timc-Oft.sct=EC(i_Tinlc-OtTsct + Starz-Window!Fs: 
ECG I =I]: 
"'0 

"4 I'roccss .Acoustic Data 
I1 ' 

/I1 

Su1n2=sum(clcoustic I ): 

'!/(I Form carryover buffer 
'?#I Set EC'(i ~ l o h n l  timc offsct 
(!"I 



DC-ORset=Su1112ilengt11(~4coustic 1); 3'0 from acoustic data 
Acoustic2=Acoustic I-DC-Offset; 
'!/; 
Acoustic-New=filter(A-ilter, 1 ,Acoustic2); % Filter Acoustic data 
AcousticNew=cat( I .Acoustic-Nexv,(zeros(l ,nP4cu12))'); ?/o Zero-pad filtered ECG data; 
Acoustic~Neu~=.4coustic~New(n~Acu12-+- 1 : 1 :end); ?/o Subtract Group delay 
9; 

%Apply an RMS power-shaping algorithm to the filtered acoustic data to 
9; find the centroids of the Heart Sound burst energy. 
'Ji; 

RMS-Window-length=hO; ?/o ** Key Shaping Parameters "* 
Rbf S-Window_overlap=58: 
11=1; 
Acoustic-New2=zeros( 1 .length(Acoustic-New)); 
if RMS-Window-lengtl~<length(Acoustic-New): 

Acu-te~np=AcousticNew( I : I :RMS-Window-length): 
RMS==sqrt(mean(Ac~-temp.*Ac~1~te11~p)); 
Acoustic_New2( 1 : 1 :RMS-Wi~~dow-lengtI~)=RMS: 
I1 =I 1 +RMS-Window-length-RMS-Windox\r-overlap; 

?/o Calculate the RMS power 
% within the RMS window. 
?/o Set first RMS window length \~alues 
% of new acoustic array equal to the 
?/o RhlS power within the RMS window 

else 
error('Window length longer than signal'); 

end 
while 11 -1-RMS-Window-length- l~lengt11(~4coustic-Ne\v) 

Acu-temp l=~Zcoustic-New(I1: 1 :11-i-RMS-Window-length- 1); 
RMS=sqrt(mean(.4cu-temp 1 .*Acu-temp 1 )); 
t\cutemp?( I :  I :RMS-Window-length)=RMS; 

Acoustic-New2(I 1 : 1 :I 1 +RMS-Window-length- 1 )=i\cousticNew2(1 1 : 1 :I 1 +RMS-Window-lcngth- 

1 )-(-Acu-temp?( 1 : I :RMS-Windobv-length); 

?&Add new RhlS power valr~cs to the ncxv acoustic 
?& array aftcr shifting by diffcrcncc betwccn 
?1 the RMS-Window-lcngth and thc 

RVS-Window-ovcrlap. 
I I =I I+RMS-Windo\~lcngtli-RMSSWinclowWovcrlap; 

end 
06 
"6 
36 Bcginning of Heart Sound extraction algorithm 
:/, 

9 6  Initializc variz~bles 
,iD/ / 0 

HSI=[]: 
?& First hcart sound limc vcctor 
96 Seconcl heart sound tirnc vector 
96 Pointer to start of extraction window 
?6 lnilializc lo capture a minimum 
?& of 3 hcart sound pairs occuring al 
?6 lowest hcart rate of 20 beats:'min. 
?6 = 1/(20 beats/min)*hO scc/111in*4 bcats*samplc 
O/o rate 



Ext-Window-lengtli=Mas-length: (!(I 

Detect=(); ?/o First heart soitnd detection flag = false 
O/* 

while Start-Window-i-ExttWitldow_lcngth < Icngtli(i\coustic_NcwZ); 

U,I Determine amplitude window in which to locate the peak responses of heart sounds. 
(YO 

Ext-Window=Acoustic-New2(Start_Window: I :Start_.Windo\v +-Ext-Window-length- I ); 
Max-!lmp=mas(Ext-_Window): 14, Set upper peak detection thrcsliold 
DC-.i\\~g=sum(Ext-Wi~ldow)!Icngth( Ext-Window) I!<, 

Mill-Amp= l.2*DC-hvg 4- 0.0*(Max-Amp-DC-A\1f); ?/o ** Key Tuning Parameter "" 
?/o Set lo\{:cr pcak detection threshold 
24, 

Top=[]; ?/o Form Max. and Min. thrcsliold 
Bottom=[ j: l / o  bars for display. 
Top( l :Iength(Ext-Window))=Xfas-Alnp: 
Bottorn(l :Ie~lgth(Ext-Window))-=Miti-,\~np: 
1) ' 4 1  

'bi, 

Locatc all heart sound peaks within extraction wiildovv. 
"/; 

Peaks=[]; 
[Pcak,l~idcx]=~nax( Ext--L\!itidow); 
while Peak :. Min-:\illp 

Pcaks=cat(7.Peaks,lndex-i Start-Window); 

'!/o Locatc the pcak of the RhlS Hcan Sound pulse 
06 wit11 the largest value above the Min. thrtshold. 

141 
?/o ** Kcy Tuning Para~neter ** 
?/" 

'!/I) Reniove RMS Clean Sound pulse from the set. . 

'1.1) Locate thc nest-largest pcak ahovc threshold. 

if Min-zero .= 1 
Min_.zero= I ;  

end 
bfax-zcro=fix(Indcx-~3.5*Rh~lS-Windoy_lc1igt11I; 
if Max-zero Ext-Windo~v-lcn* 

Max-zcro=tix(Ext-Wi~idoiv-Icngtli): 
end 
Ext-Windo\v(Min_zero: I :%lax-zero)--0: 
[Peak.Index]=max( Ext-Window); 
<! ;, 

end 
<>;, 
%,I Evaluate temporal locations of first four hearts sounds to 
"4, determine if they meet criteria 
I! :, 
if lcngth(Peaks) < 7 

if Ext-Window-lcngtli ::.- hlax-lcngtl~ 
Start-Mrindow=fix( Start-Window : hlax~~~lc1lgth!7); '!/o Advance start point of cstraction aindcnv. 

el sc 
Ext-~\Vindo\~~-lcnftli-cciI(Ext-_Windo\i~~~ Iengtli*7:(Ict1gth(Peaks) ! 0.01 )); '1'1, Increase cxtractioii \vindo\v 

'?I, length. 



if Ext-Window-length :>= Max-length 
Ext-Window-length=fix(blax_length); 

end 
end 

else 
'36 
Peaks=sort(Peaks); ?/o Sort time location of peaks 

?/o in ascending order. 
?'n Heart Sound pairs previously detected? 
010 Align first & second heart sounds detected 

NewHS(2)=Last_HS4; % in this pass to third and fourth heart sounds 
New-HS(3:7)=Peaks(l:5); Oio detected in previous pass. 

else 
New_HS(l:7)=Peaks( 1.7); '!& 

end 
(% 
P I-P2=Ne\v-HS(?)-New-HS(l); '!'n Criteria: 
P~_P~=N~\V-HS(~)-N~~-HS(~); ?& PI-P2 must be .: P2-P3 and 
P~-P~=N~\V-HS(~)-N~W-HS(~); % P3-P4 must be <: P2-P3 and 
P~_PS=N~W-HS(~)-N~W-HS(~); O/O P3-P4 must be <: P4-PS and 
P~-P~=N~~-HS((,)-N~W-HS(~); ?/o P5-P6 must be <: P4-PS. 
P lP3=New_HS(3)-New-HS(I ); '!/o 

P~-P~=N~W_HS(~)-N~W-HS(~); t) ,'o ' 
I-max=( 1120)*60*Fs: ?/o Maxilnum interval between beats (@ 220 beats/ 

?/o ~nin.) 
1-min=(l/240)*60*Fs; '!/o Minimum interval between beats ($2 240 beat: 

?'o min.). 
0,  10 

if (P  I-P?c-P2-P3 & P3-P4<P?-P3 & P3-P4<P4_PS 6i PS_P6.:P4_PS) & (PI -P3<:1-111ax & P 1 -P3:>I_min & 
P2-P4<l_max & P2-P4:-I-min) 

% Criteria has been met! 
Last-HS3=New_HS(3); 
Last-HS.l=New-HS(.l); 
Detect= I; 94 Set Valid detection for this pass. 

?/" 
Start-Window=fix(Last-HS4-t-1.4*RMS-Window-length): O/ . 0 ** Key Parameters **  
Ext-Wi11dow-length=fix((Ne\~~-HS(3)-Ne~~-HS( 1 ))*5);  ?/o Adjust window length. 

l'n 
New-HS=Neml-HS.:Fs; ?/o Scale to units of seconds. 
New-HS=New-HSi HS-Time-Offset; l4 Adjust to global time. 
HS 1 =cat(2.HS I ,New-HS( I ),New_HS(3 j); 'f/o Store titiles of valid HS pairs. 
HS?=~~~(~.HS~,N~~-HS(~),N~\\I-HS(~ j); 

else 
%if length(Peaks).:7 '3;) 
%if Ext-Window-lengtl~+:.= Max-length 
?'o Start-Window=ceil(Ne~q:-HS( I )-i- l.4"RMS-Window-length); 
01 ,oelse 
?'o Ext-Wiridow-lengtl1=Ext-Window-length*7/lengtl1(Peaks); 
?'o if Ext-Window-length >= Max-length 
01 , o Ext-Window~lengtl~=fix(hlax-length); 
?'o end 
?$end 
01 ,oelse 
?/o 
if Detect-= I 

46 Check to see if first 4 HS's are out of phase by one sound. 
Start-Lfri~~dow=tis(We\\~-HS( 1 j-4.- l.4"IiilZS-Window-length); 

else 



NcIv-HS(~:O)=NC\V-HS(~:~); Cllcck for cxtra pcak (noise) 
% hetwccn Pcaks 2 S: 3. 
I!/" 

P I-P2=Ncw-HS(2)-Nc\v-HS( 1 ); '!4 Criteria: 
P2 P3=Ncw-HS(3)-New-HS(?); '% PI-P2 must he <: P2-P3 and 
P~~PJ=N~w-Hs(~ ) -N~w- -Hs (~ ) ;  '% P3-P4 must he <: PZ-P3 and 
P4 PS=Ncw-HS(5)-Ncw-HS(4): %I P3-P4 must hc <: P4-P5 and 
P s C P ~ , = N ~ ~ - H S (  h ) - h ' e w - ~ ~ ( ~ ) :  '?/;I P5-PO must hc <: P4-P5. 
PI -P3=Ncw-HS(3)-Ncw-HS( I); ?'o 

P~_P~=NCW-HS(~)-N~~~~~HS(~); '%I 

I-max=( I i20)*OO*Fs; 341 Maxi~num interval hctwccn bcats ( ( i l  20 beats:niin.) 
I-~nin=( I:140)*60*Fs; 94 Minimum interval hc t~i~ccn boats ( ( ( 1  210 hcatl min.). 
Ib  
if (P  I -P2<P3-P3 & P3-_P4<PZ-P3 & P3-P44"-PS Sr PS__Ph.::P4_PS) 6i ( P  I-P3.::1_1nax & PI -P3:~l_min & 

P2_P4~:1_1nax & PZpP4>.I-rnin) 
O/;I Critcria has bccn met! 
Last-HS3=Ncw_HS( j); 
Last-HS4=Kcw-HS(-l): 
Detect= I; ')if, Villid dctcctioii on prcviot~s attcmpt. 
Start-Windo\v=fix(Last-HS4 1- I .?*RMS-Wi11dow-l~11gtI1): 
Ncw-HS=Ncw-HS.'Fs: %I Scale to uiiits of scconds. 
New-HS=Nc\v-HSi~HS-Ti~ne~Offsct: Adji~st to flohal time. 
HS I =cat(?.HS I .New-HS( 1 ).New_HS(3)): 'hl Store times of valid HS 

pairs. 
HSZ=~~~(~.HS~.N~~~~-HS(Z),NCI~~-~IS(~)): 

clsc 
Detcct=O; 'Ic Set valid detection flag for this pass 

I/o - falsc. 
'>;I Check to scc if first 4 HS's arc out o f  phase by onc so i~nd.  
Start-Window-tix(Nc\i~-kiS{ I ) t l,4*RMS_Window_lcngth): 
"/;I 

orid 
0, r O 

cnd 
n/ ," 

cnd 
10 

end 
''L, 
New-HS( I :?) 
"4pausc 

end 

9'0 
12cu-Car~yo\:cr=Acuustic I (Start-Window: I :lcngtli(~lcoustic 1 )): 
HS,~Timc~Offset=HS~Tinic~OtTsct t Start-Windo\\r/Fs: 
12coustic l =(I: 
I'" 
l'o 

fwrite(fid2.ECG.prccisio11); 
l'" 
HS( I :2:2*lcngth(HS I))=I~iS 1 : 
HS(2:2:2*le1lgth(I-iS I )).zliS2( 1 : I :lengtli(l-IS 1 )); 
h r i t d  fid3.11S.prccision ): 

Form carryover huffcr 
'lil Set Acou.;tic global time offset 
'%I 

'?'I Writs EC(i data to filc 

hlcrgc HSI & HS2 data 
'!+I 
".I1 ${!rite Rcoustic data to fill: 



end 
O/o 
status=fclose(fid I) 
stahis=fclose(fid2) 
status=fclose(fid?) 

?'I, 

writefile l ='ECG.bin'; 
writefile?='Acu.bin'; 
permission='rb'; 
arcliitecture='native': 

l'o Read data into array A using 37-bit 
?/o floating-point precision. 

% Close all tiles 
?/o 
3'6 

Yo 
'?/O 
?/o Set permission for read binary 

?/o Set architecture for local machine 
36 Define architecture, fid of ECG file. 
'I4 Define architecture, fid of Acoustic file 
% 

9'0 Read data into array ECG using 32-bit 
?/o floating-point precision. 
$4 Read data into array HS using 32-bit 
36 floating-point precision. 

?/o Close all tiles 
l 6  

?/o Get HS I .\caustic data 
3'0 Get HS2. Acoustic data 

O/o 
sratus=fclose(fid2) 
status=fclose(fid?) 
0,6 
HS I=HS( I :2:length(HS)); 
HS2=HS(3:2:length(HS)); 
?4 
0'0 

I16 Plot Heart rate (Beatsimin.) \ s. -1'irnc (sci. tibr KC'(; data 
0, 10 

Time1 =ECG(I :2:lenpth(EC(I)): 
Ratel =60.i(EC(I(2:2:length(EC(i))-[I('( i( I .1.Icngthl EC<i))); 
subplot( I ,  I .  1); 
plot(Ti1ne l ,Rate l j; 
xlabel('Time (scc)'); 
ylabrl('Heart Rate (beats:min)'): 
TitlelLEC:(I Extraction Data'); 
pause 
l'" 

Plot Poincare Heart Rate V1ariahility fbr l i C ' ( i  data 
?/o 
EC(i-I I=l000.*(ECC;(2:3:3"fis(lcngtli( EC'(i ) 4)) -El ( ; (  l:4:4*fix(length(EC(i)/4))); 
ECG-~~=I~OO.*(ECC~(~:~:~*~~~(ICI~~~I~( EC'G ).'-I) )-EC(;(3:4:4*fix(le1igth(EC(i)i4))); 
x=[0,2000]: 
y=[0.2000]: 
plot(ECG-IZ.ECG-I 1 .'b-t-'.x,y); 
axis([0.2000.0.2000]); 
xlabel('Rn to Rn-+-I (msec)'): 
ylabcl('Rn-l to Rn (msec)'); 
Title('Poincare Heart Rate Variability'): 
pause 



u/; 

"/b Plot Interbeat Intend Histogram for ECC; data 
9; 

ECG-IBI=hO.iRatcI ; 
hist(ECG-IBI ): 
ulabel('1ntcrbeat Inter\fal (sec)'); 
ylabeI('Count' ): 

Title('1ntcrbcat Interval Variability'): 
pausc 
('/;I 

0,;) ************** 
0 ' 
'0 

O,o Plot Heart rate (Beats/min.) vs. Time (scc.) for HS I R: HS2 data 
9; 

Timel=HS I (  l:2:lcngth(HS I )); 
Ratel=60.i(NS1(2:2:lt.ngtl1(HS I ))-HS I (I :?:length(HS I))); 
TilneZ=HSZ( I :7:lcnptb(HS2)); 
RateZ=hO./(HS2(2:2:IcngtIi(HS2))-HS2( I :2:Icngtli(I-1S2))); 
o/;l 

subplot( I, l . I  ): 
plot(Timc l .Ratel .Timc2,Rate2): 
ulabeI('Titiie (scc)'): 
ylabel('Heart Rate (beats/niin)'): 
Title('.Acoustic Extraction Windo\\!'); 
pause 
"/;I 

",; Plot Poincare Heart Rate Variability for HS I & tHS2 data 
0 ' 41 

liS1-11 =lOOO.*(HSI(2:4:4*fix(le11gtli(l3S1)/3))-HS1( 1 :4:4"fix(lcrigtl1(1-1S 1 )!a))): 
1-1s I-I2=IOOO.*(HS1(4:4:4*tix(IengtIi(l-1S l)/3))-HS I (3:4:4*fix(lcngtll(I-{S I )/3))j: 
x=[0.2000]; 
y=[0.7000): 
plot(HSl-.I?.l-fSl ._I 1 .'b 1-'.x.y); 
axis([0,2000.0.'000]): 
ulahcl('HSn to HSn +- I  (msec)'): 
ylabel('HSn-l to ClSn (~nsec)'); 
Titlc('1'oincarc Heart Rate Variability'); 
pause 
I-1S7-11= I0OO.*(~IS2(2:4:4"fix(lL.11_eth(HS2)/3))-1-lS?( I :4:4'%x(length(F~S7)/4))): 
HSZ-IZ= IOOO.*(1-1S2(4:4:4*tix(lc.1lgth(1-1S2)i3))-t IS2(3:4:4'"fix(Ic11gth( I IS2):3))): 
s=[0.2000]; 
y=[0.2000]; 
plot(HS2-12.HS2-I 1 ..h : ',x.y); 
asis( [0,2Q00.0,2000] ): 
ul;ibr.l('HSn to HSII-+ I (msec)'): 
ylabcl('HSn-I to HSn (mscc)'); 
Title('Poincarc Heart Rate Variability'); 
pause 
"/o 

"41 Plot Interbeat Interval Histogram for lHS1 6r l lS l  data 
0, 

HS 1 -IBI=t>O.'Rate I :  
hist(HS I-IBI ): 
xlabel('lntt.rbcat In~er\~;~l  (scc)'): 
ylabcl('Count'): 
Titlc('1nterbent Interval Varirthility'): 
pause 
HS3-1BI-OO.~Rate2: 
hist( HS2-IBI): 
ulabel('lntcrbcat I~iter\~al (scc)'): 



ylabel('Count'); 
Title('1nterbeat Interval irariability'); 
pause 
l / o  
?/o ************ 
?/o 
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